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Escherichia coliMembrane proteins are extremely challenging to produce in sufﬁcient quantities for biochemical
and structural analysis and there is a growing demand for solutions to this problem. In this study
we attempted to improve expression of two difﬁcult-to-express coding sequences (araH and narK)
for membrane transporters. For both coding sequences, synonymous codon substitutions in the
region adjacent to the AUG start led to signiﬁcant improvements in expression, whereas multi-
parameter sequence optimization of codons throughout the coding sequence failed. We conclude
that coding sequences can be re-wired for high-level protein expression by selective engineering
of the 50 coding sequence with synonymous codons, thus circumventing the need to consider whole
sequence optimization.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Most membrane proteins are expressed at low levels in their
natural membrane. Prior to structural and functional analyses they
must therefore be recombinantly over-expressed in a microorgan-
ism like Escherichia coli, Saccharomyces cerevisiae or Pichia pastoris
[1]. This is a challenging step and over-expression levels vary con-
siderably for different proteins [2–4]. Those proteins that cannot be
over-expressed are generally more difﬁcult to purify and to study
in isolation.
We do not fully understand why some proteins are more difﬁ-
cult to over-express than others. One telling observation is that
homologous coding sequences often express at vastly different lev-
els (for example [5,6]), indicating that nuances in the coding se-
quence can play an important role in determining the level of
protein expression. Many groups exploit this fact by substitutingsynonymous codons in the coding sequence. In these exercises, co-
dons that, based on statistics, are used less frequently or whose
corresponding tRNA abundance is low are classiﬁed as rare, and
are substituted by synonymous codons that are considered to be
more abundant (for reviews on the topic of codon optimization
see [5,7,8]). Re-designed coding sequences can be both designed
and synthesised by commercial vendors.
Frustratingly, bioinformatics analysis of large protein expres-
sion data sets have failed to ﬁnd any correlation between the cod-
ing sequence (or the physico-chemical properties of the protein)
and the levels of membrane protein expression [9,10]. Thus, it is
not yet possible to manipulate the coding sequence of a membrane
protein for predictable expression, and a trial and error approach is
still the order of the day. In this study we report our experiences in
codon optimization of two difﬁcult-to-express coding sequences
for membrane transport proteins; AraH is a 329 amino acid protein
that forms the membrane component of the arabinose ABC trans-
porter (AraFG2H) and is predicted to contain 10 transmembrane
helices (Fig. 1A). NarK is a 463 amino acid nitrate/nitrite antiporter
from the major facilitator superfamily and is predicted to contain
12 transmembrane helices (Fig. 2A). By fusing the various coding
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Fig. 1. Expression of the arabinose transport protein AraH in Escherichia coli. (A) A
cartoon representation of the topology of AraH in the inner membrane of E. coli,
determined by constraining TMHMMﬁx with experimental data [9]. (B) An estimate
of the expression level obtained from each coding sequence, obtained by normal-
ising whole cell ﬂuorescence with the OD600 of the culture. The average value and
standard deviation is based on four replicates and statistically signiﬁcant differ-
ences were determined by an unpaired t test. Note that a matrix of different
induction conditions were used for each coding sequence but only the condition
that gave the highest ﬂuorescence is presented. See Materials and Methods section
for details. (C) Analysis of AraH-TEV-GFP-His8 by SDS–PAGE and detection by in-gel
ﬂuorescence (top panel) or by immuno-decoration with an antibody raised against
GFP (bottom panel). AraH-TEV-GFP-His8 that had been expressed into inclusion
bodies was not ﬂuorescent and is marked by an asterix (*). Note that the aggregated
form of GFP actually migrates at the predicted molecular mass during SDS–PAGE
analysis, but correctly folded GFP migrates slightly faster due to the fact that the
chromophore has retained some structure [21]. (D) Translational efﬁciency of the
sequences encoding AraH-TEV-GFP-His8 was determined by pulse labelling with
35S-methionine for twenty minutes then separating the translation products by
SDS–PAGE. In the experiment rifampicin was added to shut down synthesis from
endogenous promoters.
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Fig. 2. Expression of the nitrate/nitrite antiporter NarK in Escherichia coli. (A) A
cartoon representation of the topology of NarK in the inner membrane of E. coli,
determined by constraining TMHMMﬁx with experimental data [9]. (B) An estimate
of the expression level obtained from each coding sequence, obtained by normal-
ising whole cell ﬂuorescence with the OD600 of the culture. The average value and
standard deviation is based on four replicates and statistically signiﬁcant differ-
ences were determined by an unpaired t test. Note that a matrix of different
induction conditions were used for each coding sequence but only the condition
that gave the highest ﬂuorescence is presented. See Materials and Methods section
for details. (C) Analysis of NarK-TEV-GFP-His8 by SDS–PAGE and detection by in-gel
ﬂuorescence (top panel) or by immuno-decoration with an antibody raised against
GFP (bottom panel). NarK-TEV-GFP-His8 that had been expressed into inclusion
bodies was not ﬂuorescent and is marked by an asterix (*). Note that the aggregated
form of GFP actually migrates at the predicted molecular mass during SDS–PAGE
analysis, but correctly folded GFP migrates slightly faster due to the fact that the
chromophore has retained some structure [21]. (D) Translational efﬁciency of the
sequences encoding NarK-TEV-GFP-His8 was determined by pulse labelling with
35S-methionine for 20 min then separating the translation products by SDS–PAGE.
In the experiment rifampicin was added to shut down synthesis from endogenous
promoters.
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(GFP), we have been able assess protein expression levels through
whole cell ﬂuorescence assays andWestern blotting. Our data indi-
cate that exhaustive harmonisation of the entire coding sequence
was less successful than synonymous codon substitutions in the
region adjacent to the AUG start codon. Codons in the 50 coding re-
gion can be substituted during primer design and are therefore a
potentially simple and cheap solution to a complex problem.
2. Materials and methods
2.1. Molecular cloning
The regions encoding araHWT and narKWT were ampliﬁed by PCR
from the E. coli strain MG1655, as described previously [9].
araH5
0OPT was created by substitution of the UCU codons in posi-
tions 3 and 4 to AGC. narK5
0OPT was created by substitution of the
AGU codon in position 2 to AGC. araHSYN1 and narKSYN1 were de-
signed and chemically synthesized by DNA2.0 (Menlo Park, Califor-
nia). araHSYN2 and narKSYN2 were designed and chemically
synthesized by Genscript (Piscataway, New Jersey). All regions
were sub-cloned into the pGFPe vector [9,11], downstream of a T7
inducible promoter and upstream of the region encoding -tev-gfp-
his8. araHD5
0 WT and narKD5
0 WT were constructed by looping out
the 50 regions, corresponding to the ﬁrst cytoplasmic loop in the
protein sequence (deﬁned by TOPCONS [12]). The 84-nucleotide
extension was modiﬁed from the work of Kudla and co-workers
[6] and was added to araH and narK using synthetic oligonucleo-
tides. All molecular cloning and site-directed mutagenesis was car-
ried out using the uracil-excision method [13]. All constructs were
veriﬁed by DNA sequencing (Euroﬁns MWG Operon, Germany).
2.2. Protein expression
Protein expression was carried out as described previously [9],
with a few modiﬁcations. Expression vectors were transformed
into the E. coli strain BL21(DE3) pLysS and overnight cultures were
prepared by inoculating a single colony in 800 ll Luria–Bertani
(LB) liquid media with 34 lg/ml chloramphenicol and 50 lg/ml
kanamycin. Cultures were incubated in a 2.2 ml 96-well plate over-
night at 37 C with shaking. Overnight cultures were back-diluted
1:50 in LB plus antibiotics in a 5 ml 24-well growth plate, and
grown at 37 C with shaking to an OD600 of approximately 0.3. Syn-
thesis of proteins was induced by addition of either 0.1, 0.5 or
1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) and incubation
for a further 20 h at either 25 or 37 C. Optimum conditions for
araHWT, araH5
0OPT, araH5
0OPT-SYN1, araH5
0OPT-SYN2, araH+84WT,
narKSYN1, narKD5
0WT and nark+84WT were obtained by induction with
1 mM IPTG at 25 C. Optimum conditions for araHSYN1, araHSYN2
and narK5
0OPT-SYN2 were obtained by induction with 1 mM IPTG at
37 C. Optimum conditions for araHD5
0WT were obtained by induc-
tion with 0.5 mM IPTG at 25 C, and for narKWT, narKSYN2, narK5
0OPT
and narK5
0OPT-SYN1 by induction with 0.5 mM IPTG at 37 C. The
OD600 of the culture was measured in a Spectramax M2e (Molecu-
lar Devices). Cells were then harvested by centrifugation at 3220g
for 20 min, resuspended in buffer (50 mM Tris–HCl at pH 8.0,
200 mM NaCl, 15 mM EDTA) and transferred to a 96-well optical
bottom plate. Fluorescence was read in a Spectramax Gemini
(Molecular Devices) at excitation and emission wavelengths of
485 and 513 nm respectively. The amount of GFP produced (in
mg/l) was calculated using a standard curve obtained from puriﬁed
GFP mixed with whole cells (to account for quenching). The
amount of AraH and NarK produced (in mg/l) was derived from
the amount of GFP in the cell (assuming a 1:1 ratio of AraH/NarK
to GFP).2.3. In-gel ﬂuorescence and Western blotting
A volume of cells corresponding to 0.2 OD600 units was collected
from each sample, suspended in loading buffer and subjected to so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE). Fluorescence emanating from the SDS–PAGE was detected
using a LAS-1000 (Fuji Film) as described by [14]. Proteins from
the same gels were then transferred to nitrocellulose membranes
using a semi-dry Transfer-Blot apparatus (Bio-Rad) and probed
with antibody raised to puriﬁed GFP (Daley, unpublished). Detec-
tion of antibody binding was determined using an anti-rabbit IgG
horseradish peroxidase linked whole antibody (from donkey) and
a SuperSignal West Femto Luminol/Enhancer solution (Thermo
Scientiﬁc).
2.4. 35S-methionine labelling of proteins
35S-methionine labelling of proteins was performed using a
modiﬁed version of the rifampicin blocking technique [15,16].
Plasmids were transformed into the E. coli strain BL21(DE3) pLysS.
A colony was inoculated into a 2 ml tube containing 1 ml of Luria–
Bertani (LB) liquid media with 34 lg/ml chloramphenicol and
50 lg/ml kanamycin, and incubated with vigorous shaking at
37 C for 16 h. The culture was back diluted, and incubated as be-
fore until the OD600 was between 0.3 and 0.5. Cells were harvested
by centrifugation at 830g for 5 min and the cell pellet resus-
pended in 1 ml of M9minimal media, supplemented with thiamine
(10 mM) and all amino acids but methionine. The cells were then
incubated for 90 min to starve them of methionine. To prevent pro-
duction of non-plasmid-encoded proteins, genomic transcription
was suppressed by incubation for 20 min in the presence of
0.2 mg/ml rifampicin. Synthesis of plasmid-encoded proteins,
which were under the control of the T7 RNA polymerase, was in-
duced by the addition of 0.5 mM isopropyl-b-D-thiogalactopyrano-
side (IPTG). Labelling was performed by incubation for 20 min in
the presence of 15 lCi 35S-methionine. Following the pulse label-
ling reaction, a 50 ll aliquot was harvested by centrifugation at
17900g for 2 min, resuspended in 20 ll of SDS–gel loading buffer
and analysed by 14% SDS–PAGE. Gels were dried and analysed by
exposure on phosphor-imager screens using standard techniques.
2.5. Predictions of translation rate
Estimated translation rates were calculated using the method of
Zhang et al. [17]. In brief, the rate-limiting step in translation is the
search for the cognate aminoacyl-tRNA–EF-Tu-GTP complex to a
codon, a step that relies on the tRNA concentration. The tRNA con-
centrations and isoacceptor speciﬁcities were collected from
[18,19]. In the cases where the latter were not available, codon
usage determined by the EMBOSS package [20], served as an esti-
mate of isoacceptor preference. Running averages were used with a
window size of 21 amino acids for codons 10 onward. For codons
2–9 the window size was set to 4.
3. Results
3.1. AraH and NarK – membrane proteins that are difﬁcult to express
in E. coli
In a previous study, we attempted to over-express 400 E. coli
inner membrane proteins [9]. The sequences encoding these pro-
teins were placed downstream of a T7 promoter and expressed
as genetic fusions to a sequence encoding the tobacco etch virus
(TEV) protease site, the green ﬂuorescent protein (GFP) and a poly
histidine tag (His8). The expressed proteins could therefore be
M.H.H. Nørholm et al. / FEBS Letters 587 (2013) 2352–2358 2355detected and compared using a simple whole-cell ﬂuorescence as-
say. Signiﬁcantly, the analysis suggested that many coding se-
quences were not expressed at vastly different levels. Many of
these were expressed in insufﬁcient quantities for biochemical
and structural characterization (Supplementary Fig. 1).
araHWT and narKWT (encoding AraH and NarK, respectively)
were two coding sequences that were difﬁcult to express (the
molecular reasons why are not known). To stimulate expression
of these coding sequences we initially tried varying growth tem-
perature (25 or 37 C) and inducer concentration (0.1, 0.5 or
1 mM IPTG). However, we could still not detect high levels of ﬂuo-
rescence from cells expressing either coding sequence (Fig. 1B and
2B). To determine if AraH-TEV-GFP-His8 and NarK-TEV-GFP-His8
had been expressed but mis-folded into inclusion bodies, we
looked for non-ﬂuorescent GFP fusions following analysis of whole
cells by SDS–PAGE (as described by [21]). However, we could not
detect either AraH-TEV-GFP-His8 or NarK-TEV-GFP-His8 by in-gel
ﬂuorescence, or by blotting the gels to a nitrocellulose membrane
and probing with an antibody to GFP (Fig. 1C, lane 1; Fig. 2C, lane
1). Thus we conclude that both AraH-TEV-GFP-His8 and NarK-
TEV-GFP-His8 had simply not been expressed. This conclusion
was conﬁrmed by pulse labelling each protein for 20 min with
35S-methionine, and then separating the translation products by
SDS–PAGE (Fig. 1D, lane 1; Fig. 2D, lane 1). In this assay most
membrane proteins can be detected (see below and data not
shown). We therefore conclude that the inability to produce sufﬁ-
cient quantities of AraH-TEV-GFP-His8 and NarK-TEV-GFP-His8
relates to inefﬁcient expression, and not to expression in inclusion
bodies, degradation or toxicity to the host.
3.2. Multi-parameter optimization of the coding sequence
In an attempt to improve the production of AraH-TEV-GFP-His8
and NarK-TEV-GFP-His8, we ordered synthetic genes from two dif-
ferent commercial vendors. The sequences of these synthetic genes
(called araHSYN1, araHSYN2, narKSYN1, narKSYN2) had been ‘re-
designed’ by the commercial vendors using algorithms that con-
sider multiple parameters, such as codon usage, mRNA secondary
structure and cryptic ribosome binding sites [5,7,8]. The synthetic
coding sequences had only limited homology to araHWT/narKWT,
but the encoded amino acid sequences were identical (Fig. 3 and
Supplementary information). When we expressed araHSYN1,
araHSYN2, narKSYN1 and narKSYN2 as fusions to -tev-gfp-his8 we could
not detect appreciable increases in ﬂuorescence from whole cells
(Fig. 1B and 2B). Furthermore we could not detect the proteins
by in-gel ﬂuorescence, Western blotting or pulse labelling (Fig. 1C
and D; Fig. 2C and D). We therefore conclude that these particularFig. 3. Sequence alignment of the 50 termini from coding sequences used in this study. (A
type sequence are boxed in grey.optimizations of the entire coding sequence did not improve pro-
duction of either AraH-TEV-GFP-His8 or NarK-TEV-GFP-His8.
3.3. Selective engineering in the 50 end of coding sequence
In a parallel approach, we tried to improve expression of araHWT
and narKWT by substituting synonymous codons in close proximity
to the AUG start codon. This approach was motivated by the fact
that codon usage in this region can play a pivotal role in determin-
ing translational output in E. coli [22,23]. In araHWT we substituted
two rare UCU serine codons (deﬁned by [24]) in positions 3 and 4
to more frequent AGC serine codons to generate araH5
0OPT-WT (Fig. 3
and Supplementary information). In narKWT we substituted the
rare AGU serine codon in position 2 to a more frequent AGC serine
codon to generate narK5
0OPT-WT (i.e. a single nucleotide change)
(Fig. 3 and Supplementary information). Thus in both cases we
had substituted in the AGC codon, close to the AUG start codon.
When we expressed araH5
0OPT-WT and narK5
0OPT-WT as fusions
to -tev-gfp-his8 we could detect considerable improvements in
expression for AraH-TEV-GFP-His8, and modest improvements for
NarK-TEV-GFP-His8, as judged by whole-cell ﬂuorescence, in-gel
ﬂuorescence, Western blotting and pulse labelling (Figs. 1 and 2).
Both fusion proteins were detected at the expected molecular mass
when resolved by SDS–PAGE, indicating that they were stable.
Based on the whole-cell ﬂuorescence readings, we estimate that
AraH was expressed at 34mg/l and NarK at 3.5 mg/l. We con-
clude that engineering in the 50 end of the coding sequence with se-
lected, synonymous codons can dramatically improve production.
Curiously, the synthetic coding sequences that we used previ-
ously contained the AGC codon in close proximity to the AUG start
codon but they did not express (Fig. 3). We therefore asked if we
could improve the expression of these sequences by replacing
the entire 50 end of the coding sequence with the respective re-
gions of araH5
0OPT-WT and narK5
0OPT-WT (21 and 24 codons respec-
tively; Fig. 3 and Supplementary information). When we
expressed the hybrid coding sequences (called araH5
0OPT-SYN1,
araH5
0OPT-SYN2, narK5
0OPT-SYN1 and narK5
0OPT-SYN2) we could detect sig-
niﬁcant improvements in the level of expression, as judged by both
whole cell ﬂuorescence, Western blotting and pulse labelling
(Figs. 1 and 2). Thus engineering of the 50 coding sequence with se-
lected, synonymous codons improved expression of all sequences
tested (i.e. araHWT/araHSYN1/araHSYN2 and narK
WT
/narKSYN1/narKSYN2).
3.4. Generic modiﬁcations to the coding sequence
Since the 50 coding regions of araHWT and narKWT are clearly
incompatible with high-level expression, we next wanted to) araH coding sequences. (B) narK coding sequences. Codons that differ from the wild
2356 M.H.H. Nørholm et al. / FEBS Letters 587 (2013) 2352–2358know whether removal of these regions might be an alternative
strategy to stimulate over-expression. We generated araHD5
0 WT
and narKD5
0 WT by removing 54 and 66 nucleotides from the 50
coding sequence of araHWT and narKWT, respectively (Supplemen-
tary information). These regions correspond to the sequences that
encode the cytoplasmic loops preceding the ﬁrst transmembrane
helix, and are predicted to be structurally disordered by the Dis-
EMBL software [25]. When araHD5
0 WT and narKD5
0 WT were ex-
pressed as fusions to -tev-gfp-his8 we could detect a small
improvement in expression of araHD5
0 WT but not of narKD5
0 WT,
as judged by whole cell ﬂuorescence, Western blotting and pulse
labelling (Figs. 1 and 2). Thus it is unlikely that removal of the 50
coding sequence is a generic engineering strategy for stimulating
expression levels.
We also tested whether a generic addition to the 50 coding se-
quence could stimulate over-expression of araHWT and narKWT.
We chose a stretch of 84 nucleotides that have previously been
shown to improve expression of GFP codon-variants [6] (note that
our sequence contained a single nucleotide (C30G) change). The
84-nucleotide extension was cloned upstream of araHWT and
narKWT to generate araH+84WT and narK+84WT (Supplementary infor-
mation), and the encoded proteins were therefore produced with a
28 amino acid extension on the N-terminus (N28-). The production
of araH+84WT and narK+84WT was signiﬁcantly better than the wild
type coding sequences in the pulse labelling experiments, indicat-
ing that expression was improved (Figs. 1D and 2D). However we
could not detect signiﬁcant amounts of the proteins by SDS–PAGE
when the induction was carried out for 20 h (Figs. 1C and 2C). The
N28- tag had therefore destabilised the proteins. Thus the data indi-
cate that selective modiﬁcations to the 50 coding region areEs
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4. Discussion
Many membrane proteins cannot be expressed in sufﬁcient
quantities for biochemical and structural analyses. In this study
we attempted to improve the expression of two ‘difﬁcult-to-ex-
press’ membrane proteins using a range of genetic engineering
strategies. In one approach, we used synthetic coding sequences
that had been extensively optimised. The translation rate across
these coding sequences was predicted to be faster than the corre-
sponding wild type coding sequence (Fig. 4), however we did not
detect improved levels of protein expression. Improved levels of
over-expression of membrane proteins have been observed from
synthetic coding sequences [26–28], but failed expression at-
tempts are rarely reported in the literature (see [8,29]). Based on
discussions in the community we believe that the outcome we ob-
served might be a fairly common occurrence.
In a second approach, inspired by the work of Isaksson and col-
leagues [22,23], we substituted either one or two synonymous ser-
ine codons in close proximity to the AUG start codon of the wild
type coding sequence. Serine codons are decoded slowly by the
ribosome when cells are grown in LB [30]. The synonymous serine
codon that we substituted into araHWT and narKWT (i.e. AGC) is de-
coded quicker than the serine codons that were removed (i.e. UCU
and AGU) [30], and the substitutions signiﬁcantly improved the
expression. Thus we can conclude that, outside of the 50 coding re-
gion, there is no part of the coding sequence that prevents high-
level expression. The expression levels attained (34 mg/l for AraH300 400
200 250 300
araHWT
araH5’OPT−WT
araHSYN1
araH5’OPT−SYN1
araHSYN2
araH5’OPT−SYN2
n position
narKWT
narK5’OPT−WT
narKSYN1
narK5’OPT−SYN1
narKSYN2
narK5’OPT−SYN2
verage of the variation of the estimated translation rate (y-axis) is plotted for each
rd. The window size for positions 2–9 was set to 4, thus allowing visualisation of this
et al. [17] (see Section 2).
M.H.H. Nørholm et al. / FEBS Letters 587 (2013) 2352–2358 2357and 3.5 mg/l NarK) were sufﬁcient for puriﬁcation and biochem-
ical/structural analyses, thus the optimised constructs will provide
a platform for studies of both arabinose and nitrate/nitrite trans-
port. It is worth noting that strains that express rare tRNAs, such
a Rosetta™, do not consider the serine codon. In accordance with
this, we did not observe positive effects by expressing araHWT
and narKWT in Rosetta™ (Madsen K.M. and Nørholm, MHH, unpub-
lished observation).
Why are codon substitutions so effective in close proximity to
the AUG start codon? Translational initiation is thought to be the
rate-limiting step in protein synthesis [31] and it is conceivable that
bymaking itmore efﬁcient (with codons that are decoded faster)we
have been able to improve protein production. Isaksson and co-
workers noted higher levels of expression for both lacZ and 3A0 (a
synthetic coding sequence) when the UCU and AGU serine codons
were substituted for AGC in the position adjacent to the AUG start
codon [22,23]. Since the promoter, the 50 untranslated region and
the coding sequences were the same (apart from one codon), they
speculated that the effect therefore related to the efﬁciency of trans-
lational initiation. In our study, the promoter, the 50 untranslated re-
gion and the coding sequences were also the same (apart from one
or two codons), thus we speculate that the changes we imple-
mented also affected translational initiation. We acknowledge that
secondary structure in the 50 end of themRNAcan also affect protein
expression levels by sequestering the ribosome binding site and/or
the region around the start codon [6,32,33], howeverwe did not ob-
serve any correlation between the levels of protein expression and
the predicted propensity for mRNA structure in the 50 end of our
coding sequences (data not shown).
Why were the synthetic coding sequences not expressed? It
was counter-intuitive to us that the synthetic coding sequences
did not express better than the wild type sequences, as they al-
ready contained the favourable AGC codon adjacent to the AUG
start and they were predicted to be translated faster (Fig. 4). Fur-
ther work is required to understand this observation. One clue
however, was that we could improve their expression when we
fused the optimised 50 coding sequences of araH5
0OPT-WT and
narK5
0OPT-WT onto them, indicating that the problem lay in the 50 re-
gion, not the remainder of the coding sequence. Further evidence
that the problem lay in the 50 coding region was obtained when
we introduced rare codons into the 50 end of the coding sequence
of narKSYN2 and observed improved expression levels (data not
shown). The latter observation supports the notion that a slowly
translated 50-‘‘ramp’’ might be necessary for proper expression,
possibly because rare codons can ensure proper spacing of ribo-
somes along the mRNA (see [33] and references therein).
It is more than 50 years since the elucidation of the genetic code
and the realisation that there are synonymous codons for most
amino acids [34]. As we have conﬁrmed in this study, synonymous
codon substitutions constitute a powerful tool for manipulating
protein expression levels. However, we have also demonstrated
that we are still a long way from understanding the full implica-
tions of synonymous codon substitutions and manipulating codons
to predictably engineer coding sequences that are both highly ex-
pressed and correctly folded. Our data does however indicate that
coding sequences of membrane proteins can be re-wired for higher
expression by simply substituting synonymous codons in the 50
end. That this approach worked for six entirely different coding se-
quences (i.e. all wild type and synthetic coding sequences) would
suggest that it has enormous potential for improving the produc-
tion of many difﬁcult to express membrane proteins in E. coli.
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